The concept of Late Veneer has been introduced by the geochemical community to explain the abundance of highly siderophile elements in the Earths mantle and their chondritic proportions relative to each other. However, in the complex scenario of Earth accretion, involving both planetesimal bombardment and giant impacts from chondritic and differentiated projectiles, it is not obvious what the Late Veneer actually corresponds to. In fact, the process of differentiation of the Earth was probably intermittent and there was presumably no well-defined transition between an earlier phase where all metal sunk into the core and a later phase in which the core was a closed entity separated from the mantle. In addition, the modellers of Earth accretion have introduced the concept of Late Accretion, which refers to the material accreted by our planet after the Moonforming event. Characterising Late Veneer, Late Accretion and the relationship between the two is the major goal of this chapter.
Introduction
Late Veneer, Late Accretion and Late Heavy Bombardment are concepts introduced by different scientific communities to address the very last stage of Earth formation when our planet acquired the final bit of its mass, after the end of the core-mantle differentiation process and/or the giant impact that gave origin to the Moon. Often, however, the same names are used to indicate quite different processes. Moreover, it is quite common to identify the Late Veneer/Accretion/Bombardment with the origin of volatiles (including water) on our planet, which is not necessarily correct.
Therefore, the goal of this chapter is to define these concepts, describe the processes -3 -that they refer to and their mutual relationships. We start in Section 2 with the Late Veneer, as defined by the geochemical community. In Section 3 we briefly describe the mode of formation of the Earth, which leads in a natural way to define the concept of Late Accretion. Section 4 will discuss the relationships between Late Veneer and Late Accretion.
Finally in Section 5 we will come to the issue of the delivery of volatiles to the Earth and its chronology.
The Late Veneer as defined in geochemistry
The concept of a Late Veneer was developed from the observed abundance patterns of siderophile (iron-loving) elements in the silicate Earth. Figure 1 shows the relative abundances of a wide range of elements (McDonough and Sun 1995) in the primitive upper mantle (otherwise known as bulk silicate Earth, BSE) as a function of their condensation temperature from a gas of solar composition at a total pressure of 10 −4 bar (Lodders 2003).
Refractory lithophile elements, which condense at high temperatures, (e.g Ca, Ti, Sc, Zr,REE) are in approximately the same ratios one to another as in the CI chondrite class of primitive meteorites. This gives us a reference level for all other elements. Refractory siderophile elements are depleted in BSE due to their partitioning into the core. To a first approximation one can make a mass balance between the BSE and the missing contents (assuming chondritic ratios in bulk Earth) of these siderophile elements and obtain the mass of the core and its elemental concentrations (dominated by Fe). Additionally, as can be seen in Figure 1 , those elements with low condensation temperatures, which were volatile in the solar nebula, are depleted in BSE relative to the chondritic reference. This is due, as discussed in section 5, to the Earth being dominated by high temperature materials which condensed and accreted in the inner solar system. Note that the same relationship between siderophile and lithophile elements observed in refractory elements applies to the more volatile elements: volatile siderophile elements are more depleted in bulk silicate Earth than volatile lithophile elements.
Measurements of the concentrations of the noble metals (Re, Os, Ir, Ru, Pt, Rh, Pd, Au) in mantle peridotites and igneous rocks generated by partial melting of the mantle (Chou 1978; Chou, et al. 1983 ) demonstrated that these highly siderophile elements (HSEs) are, as expected, even more depleted in BSE than the other important siderophile elements shown in Figure 1 . Experimental measurements show, however, that despite their strong depletions, these elements are much more abundant in silicate Earth than would be expected from simple equilibrium between mantle and core (Holzheid, et al. 2000; Kimura, et al. 1974; Mann, et al. 2012; O'Neill 1991) . In other words, they are orders of magnitude more siderophile than indicated by their relative abundances in BSE. Partition coefficients -5 -of elements depend on temperature and pressure (Righter, et al. 2008 ) so that, in principle, it is possible that the values measured in laboratory experiments do not correspond to the conditions existing on Earth during core formation. However, HSEs are in approximately chondritic ratio one to another in the primitive upper mantle (Chou 1978) and it is highly unlikely that conditions of temperature and pressure exist to make the partition coefficients of the 8 HSEs equal to each other. In fact, no combination of pressure, temperature and oxygen fugacity appears to be capable of reproducing the mantle concentrations of the HSEs by metal-silicate equilibrium (Mann et al. 2012 ).
Thus, the most plausible explanation for the HSEs overabundance in BSE and their chondritic relative abundances is the addition of material of approximate chondritic composition to the upper mantle after core segregation had ceased (Chou 1978; Kimura, Lewis and Anders 1974) . These are the origins of the concept of the Late Veneer, a small amount (< 1% Earth mass) of chondrite-like material added to a convecting silicate Earth and never re-equilibrated with the metal in the core (Anders 1968; Turekian and Clark 1969) . From the abundance of HSEs in BSE, the mass of the mantle and the range of HSE contents in the various types of chondritic meteorites, the modern estimate for the Late Veneer mass is 4.86 ± 1.63 × 10 −3 M E , where M E is the Earth's mass (Walker, 2009; .
It is important to emphasize that, as far as the highly siderophile elements are concerned, the late chondritic veneer has been completely homogenized into the mantle by convection. This process of mixing might have taken a long time to be completed. Indeed, the HSE content in komatiites decreases with their age, for komatiites older than 3 Gy (see Fig. 2 ; Maier et al., 2009; Wilbold et al., 2011) , with one exception pointed out in Touboul et al. (2012) . It seems unlikely that this trend could be due to a slow delivery of HSEs to the Earth, because the terrestrial bombardment should have decayed much faster than is implied by this HSE vs. age trend (see Section 3). So, the most likely interpretation is that it took about 1.5 billion years to completely mix the mantle and bring the HSEs from near the surface to the deeper parts of the mantle from where the old komatiites are derived.
Late Accretion mass as defined in accretion models
The detailed description of the process of terrestrial planet growth is the object of the chapter by Jacobson and Walsh in this book. Here it is enough to emphasize that terrestrial planets are believed to grow from a disk of planetesimals (small bodies resembling the asteroids) and planetary embryos (bodies with a mass intermediate between the mass of the Moon and the mass of Mars, which formed very rapidly, before the disappearance of gas from the system). In view of its short accretion timescale, Mars itself could be a stranded planetary embryo (Kleine et al., 2004b; Halliday et al., 2005; Dauphas and Pourmand, -7 -2011; .
Therefore, the growth of a planet like the Earth is characterized by a sequence of giant impacts from planetary embryos and smaller impacts from planetesimals. In this contest, we define Late Accretion as the tail of the accretion history of a planet due to the planetesimal bombardment which happens after the last giant impact has occurred. For the Earth, the last giant impact is presumably the one which generated the Moon (we will provide evidence for this in Sect. 4.3), so that Late Accretion occurs after lunar formation.
Because the dynamical lifetime of planetesimals is finite (planetesimals are removed by collisions with the planets, ejection to hyperbolic orbit, collisions with the Sun or mutual collisions which grind them into small debris), the number of planetesimals in the system decays roughly exponentially with time. Hence the bombardment rate of the planets is expected to decay in the same fashion. From numerical experiments, the half-life of the process is from 10 to 50 My (Bottke et al., 2007; . Unfortunately, geological activity on the Earth has erased any clear evidence of impacts occurring over the first billion years or so. Instead, a lot of information is preserved in the lunar ancient crater record.
From lunar craters we learn that the size distribution of the projectiles striking the Moon was similar to that of today's main belt asteroids (Strom et al., 2005) . The so-called impact basins (craters with diameters larger than 300km) trace the impacts of the largest projectiles (up to ∼200km in diameter for the projectile of the SPA basin). The last of the basin-forming events occurred relatively late compared to the time of formation of the first solids in the Solar System (the Calcium-Aluminium Inclusions, which formed 4.567 Gy ago;
Bouvier and Wadhwa, 2010). The Imbrium basin which, from stratigraphy analysis, appears to be the second from last basin in the chronological sequence (Wilhelms, 1987) formed 3.85
Gy ago according to the dating of lunar samples returned by the Apollo program (Stoffler -8 -and Ryder, 2001 ). The Orientale basin (the last basin on the Moon) presumably did not occur long after Imbrium, given that crater counts on the ejecta blankets of both basins are similar.
Forming basins so late as a tail of an exponentially decaying process would require that the initial population of large planetesimals was very numerous (Bottke et al., 2007) .
However, this is inconsistent with the small amount of mass accreted by the Moon since its formation, which is of the order of 5 × 10 −6 M E as deduced from HSEs abundance in the lunar mantle and in the crust (Ryder, 2002) and the total number of lunar basins (Neumann et al., 2013) . This argues strongly in favor of a surge in the frequency of impacts sometime prior to the formation of Imbrium (Bottke et al., 2007) .
Several other pieces of evidence point to such a surge, often called lunar Cataclysm or Late Heavy Bombardment (the latter term, however, is sometimes associated with the entire Late Accretion process, so we will not use it in this review to avoid confusion). For instance, impact ages on lunar samples (Tera et al., 1974) and lunar meteorites (Cohen et al., 2000) indicate that the impact rates were lower before ∼4.1 Gy than in the subsequent 3.9-3.7Gy period.
A surge in the bombardment rate, associated with an increase of the velocity distribution of the projectiles, is consistent with a sudden change in the orbital configuration of the giant planets, which would have dislodged part of the asteroid population from the main belt, refurbishing the population of planet-crossing objects . Such a change is needed, sometime during the history of the solar system, to reconcile the current orbits of the giant planets with those that these planets should have had when they emerged from the phase of the gas-dominated proto-planetary disk (Morbidelli et al., 2007; Morbidelli, 2013) .
Observational constraints and theoretical modeling (Bottke et al., -9 -2012 ) suggest that about 10 basins formed on the Moon during the cataclysm, from Nectaris to Orientale and that the cataclysm started about 4.1 Gy ago (see for a review). The total number of basins on the Moon, detected by the GRAIL mission through gravitational anomalies (Neumann et al., 2013 ) is ∼40. Thus, the cataclysm accounts for about 1/4 to 1/3 of the total mass (∼ 5 × 10 −6 M E ) that the Moon accreted since its formation. From all these constraints, a timeline of the lunar bombardment can be derived .
Knowing the impact history of the Moon, one can then scale it to the Earth, using the ratio of gravitational cross sections. Monte Carlo simulations also allow assessments of the effects of small number statistics related to the largest impactors (Marchi et al., 2014) . The results change vastly depending on whether one limits the size frequency distribution (SFD)
of the impactors to the size of Ceres (the largest asteroid in the main belt today, ∼900km
in diameter) or extrapolates it to larger sizes.
If the projectile size distribution is limited to Ceres-size, given the constraint on the mass delivered to the Moon, the total amount of mass that the Earth acquires during Late Accretion is less than 10 −3 M E , significantly smaller than the chondritic mass estimated for the Late Veneer (see Section 2). But if planetesimals larger than Ceres are permitted, the same constraint on the mass delivered to the Moon allows a significant fraction of the simulations (∼12%) to bring a mass to the Earth consistent with the mass of the Late
Veneer (see Fig. 3 and Bottke et al. 2010 , Raymond et al., 2013 . About 8% of the simulations bring a somewhat larger mass. However, only 0.5% of the simulations deliver more than 0.01M E to the Earth. 
Relationship between Late Veneer and Late Accretion
As we have seen above, the Late Veneer mass and the Late Accretion mass are defined from two different concepts. The amount of Late Veneer mass is well constrained, but it -11 -may be questionable if all of it was delivered to the Earth after the Moon-forming event. , 2012; Cuk and Stewart, 2012; Canup, 2012) show that the core of the projectile merges with the core of the Earth and that the temperature of the Earth is raised above the global magma ocean threshold. However, it is unclear which fraction of the terrestrial mantle has a chance to equilibrate with the projectiles core in this process. Also, it is unclear whether there is still metallic iron in the Earths mantle at this stage that can take advantage of the new magma ocean phase to percolate into the core. Obviously, if a substantial fraction of pre-existing mantle HSEs had not been depleted during the episode of core growth associated with the Moon-forming event, the Late Veneer mass deduced from the current HSE abundance would overestimate the mass accreted after the Moons formation, i.e. the Late Accretion mass.
If we consider the abundances of the refractory siderophile elements Ni and Co in -12 -BSE (Fig 1) , then it has been known for nearly 20 years that these can only be explained, Si (Georg et al, 2007) , Cr (Lugmair and Shykolyukov, 1998 A first argument comes from sulfur isotopes. As can be seen in Figure 1 , S is depleted in BSE due to its volatility in the solar nebula and also because it is highly siderophile, even though it is not conventionally named as one of the HSEs. To a first approximation, (2013) showed that the difference between chondrites and the mantle end-member is consistent with the presence of sulfur in the mantle which had equilibrated with the metal of the core. The isotopic measurements are consistent with the amount of Late-Veneer sulfur in the mantle being about 40% of the total, although this figure has very large uncertainties. The conclusion is that some fraction of highly siderophile, volatile S was present in the mantle before the Late Veneer was added and that it is probable that the same applies to other highly siderophile elements as well. 3). However, it is possible and plausible that a fraction of the HSEs, perhaps as much as ∼50%, pre-date the Moon-forming event.
4.2 Can the Late Accretion mass be significantly larger than the Late
Veneer mass?
If the impactors delivering most of the mass during Late Accretion were very big (larger than 1000km in diameter), as advocated by Bottke et al. 2010 , they were presumably differentiated objects. Thus, most of their HSEs were sequestered in their cores. The idea proposed in Bottke et al. is that the cores of these objects equilibrated with the terrestrial mantle, the metallic iron was oxidized and therefore it did not join the terrestrial core, so that the projectiles HSEs were delivered to the Earths mantle. However, if only a fraction X of the projectiles cores equilibrated with the mantle, while the remaining 1 − X fraction 
Late Veneer and the origin of Earths volatiles
An important issue which has arisen recently is the relationship between Late Veneer and the origin of terrestrial volatiles, including moderately volatile elements such as S, Pb and Ag (Fig 1) . Cosmochemically the simplest model for the origin of volatiles is that the (Fig. 1) . Supplying this as a Late
Veneer of CI chondrite composition, would add 6% to the mass of the primitive mantle and deliver Re, Ag, S, C and water at levels that are 5, 7, 11, 13 and 5 to 20 times greater, Ag being segregated to the core.
-24 -A final argument against the possibility of accretion of volatiles during the sole phase of Late Veneer comes from molybdenum-ruthenium isotopes (Dauphas et al., 2004) . In differentiated and bulk primitive meteorites the isotopic anomalies of these two elements correlate with one another, although new data (Chen et al. 2010 and Burkhardt et al. 2011 ) seem to make the correlation less sharp. Molybdenum is only moderately siderophile, thus most of the amount of Mo presently in the mantle was delivered before the completion of core formation. In contrast, ruthenium is highly siderophile, so that nearly all of the In summary, although some elementary ratios argue for a volatile-rich Late Veneer (Wang and Becker, 2013) it is unlikely that a dominant fraction of Earths volatiles could be delivered by the Late Veneer.
Conclusions
Late Veneer and Late Accretion are related to different concepts. The first is the delivery of chondritic material that, once on our planet, avoided any metal-silicate segregation. The second is the delivery of material after the last giant impact on Earth.
We have shown that Late Veneer and Late Accretion are probably not the same. Some of the HSEs in the Earths mantle possibly pre-date the Moon forming event and late-accreted differentiated projectiles probably did not deliver their full HSE budget to the Earths mantle. Nevertheless, we estimate that the masses delivered as Late Veneer and Late Accretion are probably within a factor of 2 of each other.
-25 -
The small amount of mass accreted by the Earth after the Moon forming event (< 1% of the Earths mass) implies that the Moon formed during the last accretional giant impact on our planet and that it formed relatively late, approximately 100My after the first solar system solids. It also argues against the possibility that the entire volatile element budget of the Earth was acquired during the Late Veneer. Geochemical and isotopic arguments also rule out this hypothesis. The large difference in late accreted masses on the Earth (∼ 5 × 10 −3 M E ) and on the Moon (5 × 10 −6 M E ) suggests that the post-Moon-formation accretion process was dominated by a few large impactors which, by virtue of the large ratio of gravitational cross sections, hit our planet but missed our satellite (Bottke et al., 2010; Raymond et al., 2013) . 
